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Most neglected and underutilized crops were developed and utilized within
indigenous agroecological cropping systems. While crop suitability must consider
the constraints of the environment, the conditions of agroecological systems and
the role of crops within those systems should be considered. Such consideration
may guide the implementation of appropriate farming systems specific to different
ecosystems and microhabitats. Using the Hawaiian archipelago as a model system
of socioecological dynamics, we consider the distribution of agroecological
systems and their associated crops to explore how agroecological suitability
changes across climate, topography, and soils. We conduct spatial modeling
of the potential nature and extent of seven agroecological archetypes based
on historical records. The seven spatial models of pre-colonial agroecological
systems produced extents distributed across much of the Hawaiian archipelago,
with clear adaptive patterns within and across the islands. The distribution of
cropping system further affects the appropriateness of crop species application.
We argue that the consideration of agroecological niches and associated cropping
systems is critical for realizing the potential of underutilized crops and improving
the efficiency of contemporary agricultural systems.
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1. Introduction

Neglected and underutilized species (NUS) have been promoted for their potential to
enhance agricultural adaptation to climate shifts, improve agricultural nutrient density,
foster biodiversity, and support environmental and cultural ecosystem services (Padulosi
et al,, 2011; Mayes et al,, 2012). Indigenous crops, now nearly synonymous with these
underutilized species, were sustainably cultivated for thousands of years prior to being
displaced for monocultures of major global commodities. Researching these neglected and
underutilized crops and thier cultivation practices can draw out lessons and practices of
sustainability valuable to the currently unsustainable global food system. While there is an
increased emphasis on the crops themselves, it is important to recognize the full suite of
factors influencing species selection and crop outcomes, which include their spatiotemporal
compatibility within an enviornment, species compatibility to each cropping system, as well
as the sociocultural relationships associated with crop species and cultivars. For long-term
sustainability and maximization of ecosystem services associated with agricultural systems,
consideration of optimal agroecological systems within various landscapes is critical (Winter
et al., 2020).
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Environmental conditions are a key consideration for crop
suitability, as each individual crop has unique demands from
the climate and land. However, the conditions required of
agroecological systems may further affect the suitability of a crop.
As an example, a forest persisting on weak, infertile soils could be
cleared and subsequently cropped with a cereal species, which may
persist over time but provide sub-optimal yields. An agroforestry
system that mimics a forest’s nutrient cycling by filling niches
with integrated crops and thereby sustaining soil fertility could
be a more productive option, though the cereal crop may not be
compatible within the parameters of this agroforestry system (e.g.,
reduced light levels in the understory). Therefore, although the
cereal may exhibit reasonable habitat suitability to an environment,
it may not exhibit compatibility with the most suitable cropping
system. This predicament highlights the achievement of indigenous
agroecological systems, which have developed over thousands of
years from cumulative knowledge and thoughtfully mimicked
natural ecosystem processes by implementing arrangements of
crops that efficiently conform to the land (Winter et al., 2020).

To explore the ecological adaptation of cropping systems, we
consider the distribution of cropping systems in the Hawaiian
archipelago. Firstly, Native Hawaiian agricultural practices are
grounded in a sense of kinship, in which integral linkage between
human and environmental health are recognized (Beamer et al,
2022). This cultural mentality, emphasizing the balance between
people and the environment, helped propagate the Hawaiian
agricultural systems, which employed concepts of ecomimicry
that simultaneously sought to produce the food and resources
demanded by the society while preserving the function and
health of the ecosystems (Lincoln and Vitousek, 2017; Winter
et al, 2020; Beamer et al, 2022). Also, island ecosystems are
often considered ideal model systems for understanding ecological
processes (Vitousek, 1995,2002) and their interactions with human
societies (Kirch, 2007). The Hawaiian archipelago in particular
offers relatively unique conditions that represent a remarkable
opportunity to explore socioecological dynamics.

Socially, Hawai‘i was settled late by a single cultural group
(Polynesian), is highly isolated (~4,000km from the nearest
continental land mass), and developed substantial populations
(~400-800,000) with high levels of political complexity (Stannard,
1989; Hommon, 2013). These factors confine Hawai‘i culturally,
temporally, and geographically as much as possible for any
human settlement. Geologically, the archipelago originates from a
single, stationary hotspot, representing a near-perfect age gradient
on a relatively stable parent basalt. Hawaii’s tall, broad-sloping
volcanoes (up to ~4,200 m) drive predictable temperature patterns
and some of the broadest, yet highly orthogonal, rainfall gradients
(~200-10,000 mm/yr) on the planet (Giambelluca et al., 2013).
Secondary landscape features, such as topography and soil fertility,
evolve as a function of time (geologic age) and rainfall. Within
this vast matrix of substrate age and rainfall exists endmembers
in both macrotopography and soil fertility. The jagged, crumbling
cliffs and deep river valleys of Hawai‘i’s older islands represent
the eroded extreme in topography while much of the original
shield surface is still intact on its younger islands. In the case
of soil fertility, Hawai‘i is home to some of the most naturally
fertile soils in the world, such as the phosphorus-rich Andisols of
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leeward Kohala on Hawai‘i Island, but also to highly weathered
and leached acidic soils, such as Oxisols one may find on
Kaua‘i Island.

These vast climatic and geologic age gradients drive ecological
diversity, with the Hawaiian Islands being celebrated as one of the
most ecologically diverse and dense locations on the planet (Asner
et al,, 2005). Less acknowledged is the adaptation of the Native
Hawaiian peoples to the highly varied ecologies across the islands,
particularly in their agricultural endeavors (Lincoln and Vitousek,
2017; Lincoln et al,, 2018). Utilizing a limited number of introduced
crop species (Whistler, 2009; Lincoln, 2010), Native Hawaiian
cultivators adapted their knowledge and practices to take advantage
of the tremendous range of arable habitats that the islands
provided, with unique systems often in close proximity. Just as
Hawai‘{’s ecosystem diversity is exceptional—perhaps paramount—
on the planet, so is the Native Hawaiians adaptive radiation
of agroecological systems. This adaptation was powered with a
number of indigenous and/or Polynesian introduced crops, such
as kalo (taro, Colocasia esculenta), ‘ulu (breadfruit, Artocarpus
altilis), and ki (ti leaf, Cordyline fruticosa), with 27 crops composing
essentially all Native Hawaiian agricultural endeavors. These crops
can all be referred to as underutilized species in the sense that their
potential to improve people’s livelihoods, as well as food security
and sovereignty, are not being fully realized because of their
limited competetiveness with commodity crops in mainstream
agriculture (Padulosi et al., 2011). This is even more so the case
if considered at a local scale, where indigenous crop varieties may
have special significance, hyper-local adaptations, and preserve
cultural traditions.
of Native Hawaiian
agroecological systems and their associated crops has the

Understanding the distribution
potential to inform more intelligent design and integrate adaptive
cultivation systems into contemporary agriculture. Although the
agroecological adaptations of Hawai'‘i are specific to tropical basalt
systems, the conceptual framework of agroecological adaptation is
relevant to agricultural systems globally. Considering knowledge
of inherent ecological processes and the agricultural opportunities
and constraints they offer can support the development of
modern systems that are more efficient and resilient, preserve
ecosystem services and biodiversity, and introduce more diverse
crops and foods (Altieri, 1999, 2002, 2018). Although there is
extensive documentation and remnants of the centuries-long
standing Hawaiian agroecological systems, vast areas were erased
by colonial establishment of monoculture plantations, primarily
of sugarcane and pineapple. These plantation systems have
subsequently failed in the global economy, with the final plantation
in Hawai‘i closing in 2016, further suggesting potential relevance
for more adaptive and ecologically efficient cropping systems.
Regaining the adaptive knowledge from centuries of Hawaiian
cultivators therefore comes from remaining Hawaiian agricultural
infrastructure, pockets of preserved cultural practices, historical
accounts in texts, and current modeling work, which is where we
intend to build.

In this paper, we synthesize seven spatial models representing
Native Hawaiian agroecological systems that existed at the end
of the 18" century. Using historical records, archaeological
databases, and present-day environmental landscape parameters,
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this study maps the potential suitable areas for these seven
agroecological archetypes. Here, we build upon previous spatial
models of Hawaiian agroecosystems by mapping less intensive,
but just as important, agricultural archetypes and define the
environmental landscape parameters confining their ecological
niches. We also use literature review to identify seasonal cycles,
the crops utilized and their functions within each system, providing
specific examples of each system from ethnohistorical and scholarly
works. Finally, we discuss what we see as relevant takeaways

perennial or intermittent streams

from these traditional adaptations, thier potential integration
into the development of sustainable agricultural systems, and the
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application of underutilized crops today.

2. Materials and methods

Below, we briefly define each archetype in order of assumed
preference for more intensive agricultural forms (ie., higher
agriculture yields per area or unit of labor), along with the
predominant crop species and associated environmental drivers
used to define the modeling parameters for each system
(i.e., rainfall, temperature, slope, substrate age, soil type, and
water accessibility).

Through study and an extensive literature review of
archaeological, ethnohistorical, and various other studies of
diverse Hawaiian agricultural systems (Lincoln, 2010, 2020a,b;
Lincoln and Ladefoged, 2014; Lincoln et al., 2014, 2017, 2018,
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support more intensive forms of agriculture (that is, agriculture
that yields more in terms of production per area) can typically
also support other, less intensive forms, each agricultural model is
subtracted from all subsequent models to reflect preference. In the
following, we briefly define each agricultural type, keystone crops
for each system, and the associated environmental parameters used
in model construction. Models are presented in order of assumed
preference for more intensive agricultural forms.

The spatial models are compared to the large body of
ethnohistorical and archaeological data describing the extent and
form of major traditional agroecological systems in order to
generally assess their accuracy. We further utilize a comprehensive
ethnohistorical source that describes traditional cultivation for six
Hawaiian Islands across 237 ahupuaa (traditional land division)
in order to provide a more systematic and quantitative model
validation (Handy, 1940). The literature was further used to
qualitatively describe the seasonality, species composition, and
functional diversity within the different agroecological systems.
The relative species composition for each system archetype was
generalized, and qualitative descriptions of the role and micro-
niches occupied were noted. This information is used to drive
the discussion regarding the application of individual crops within
different systems.

2.1. Flooded pondfield

2.1.1. Overview

Pondfields, known as lo% in Hawai‘i, were the preferred
agricultural features wherever suitable areas of flat land within river
valleys or open floodplains were accessible by the gravitational flow
of water. Lo‘i occurred in intermittent stream beds, talluvial slopes
and alluvial floodplains, and could be fed by water from streams,
stream diversions, springs, or the water table (Kirch, 1977). Most
commonly, stream systems were diverted through auwai-small
canal systems that transferred water to the pondfields and back
(Gingerich et al., 2007). Inflow of stream water from these auwai
supplied a constant influx of nutrient rich sediments deriving
from erosional processes upstream (Palmer et al, 2009). Lo’
systems were dominated by the cultivation of kalo (taro; Colocasia
esculenta), the only Polynesian crop introduced to Hawai'‘i able to
withstand flooded conditions, although other crops were cultivated
along the terrace banks and the surrounding areas.

2.1.2. Modeling approach

Modeling of Flooded Pondfield agriculture was restricted
to those fed by streams, as reliable environmental spatial data
for springs, seepage, or water table depth are not available.
Requirements in water supply, temperature, slope, and soil type
were constructed independently. Utilizing the shapefile for stream
coverage (“darstrams.shp”) from the Hawai‘i Statewide GIS Portal,
we selected all streams classified as “perennial” or “intermittent”
and applied a 500 m proximity buffer to represent an assumed
maximum distribution of stream water. Mean air temperature was
used to define a >21°C threshold (Onwueme, 1999). The NED
at 10x10m resolution was used to define a <10° threshold in
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slope (Earle, 1980; McElroy, 2007). Appropriate substrates were
selected from the USGS digital geologic map as “alluvium,” and
the NRCS soil survey as “colluvial land,” “stony colluvial land”
and “Kawaihapai series” (Cline, 1955; Foote, 1972). The resulting
suitable layers for water supply, temperature, slope, and soil type
were intersected, with the areas that satisfied all the requirements
being used to represent the potential extent of Flooded Pondfield
agriculture. This approach closely follows previous modeling efforts
(Ladefoged et al., 2009; Kurashima et al., 2019).

2.2. Intensive rainfed

2.2.1. Overview

Intensive rainfed agricultural systems are well-documented in
ethnohistory and archaeology, occurring primarily on the leeward
slopes of the younger islands where volcanic shield surfaces remain
intact (e.g., Newman, 1971, 1972; Allen, 2001; Coil and Kirch,
2005; McElroy, 2007; Ladefoged et al., 2009, 2011). The systems are
sometimes referred to as fixed-field systems due to the dominant
agricultural infrastructure of kuaiwi-long, linear embankments of
earth and/or stone that served both agronomic and social functions
(Allen, 2001; Lincoln and Vitousek, 2017; Lincoln et al., 2017).
These systems covered vast areas of land, with individual systems
ranging up to 15,000 hectares of contiguous agriculture (Ladefoged
and Graves, 2008; Ladefoged et al., 2011). Spanning across broad
rainfall gradients, these systems are often spatially distinguished
as constituting “zones” of planting (Kelly, 1983; Lincoln and
Ladefoged, 2014) or exhibit temporal variations with seasonal usage
across the system (Lee et al., 2006; Kagawa-Viviani et al., 2018a).
Although the crops associated with the vast systems are diverse,
the drier regions were clearly dominated by the production of ‘uala
(sweet potato; Ipomoea batatas) and ‘uhi (greater yam; Dioscorea
alata), while the wetter regions included the cultivation of other
staples such as kalo (taro), maia (banana/plantains; Musa spp.),
as well as a range of secondary and resource crops such as ki
(ti), ko (sugarcane; Saccharum officinarum), awa (kavakava; Piper
methysticum), pia (arrowroot; Tacca leontopetaloides), and awapuhi
(shampoo ginger; Zingiber zerumbet). Previous work has coupled
the occurrence of these high-nutrient demand systems to soil
properties that could support the intensification of cropping and
adequate rainfall for crop production, resulting in a “sweet spot”
of rainfall and pedogenically-derived soil fertility that is dependent
on the substrate age (Vitousek et al., 2004, 2014; Ladefoged et al.,
2018).

2.2.2. Modeling approach

We follow previous modeling (Ladefoged et al, 2009) in
applying a simple Rainfall-Elevation Index (REI) to estimate soil
fertility as a function of substrate age, due to the lack of available
soil fertility data or high resolution fertility models across the
islands. This approach assumes that soil pedogenesis is largely a
function of cumulative rainfall (rainfall x time), slightly augmented
by temperature (Vitousek et al., 2021, 2022). Previously defined
categorical limits (Ladefoged et al., 2009) were fit in a biexponential
model to define a continuous REI threshold as a function of
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substrate age. Raster layers were used to calculate if soil fertility
met the threshold conditions at each 10 x 10m pixel using the
following equation:

(Rainfall — Elevation) < 4500 + (492 x (000006 x 4ge))
—(2619 x (00000008 x Age)y (1

Geologically young substrates (<4 ky) were excluded due to
inadequate soil development (Ladefoged et al., 2009; Lincoln et al.,
2014). A minimum annual rainfall necessary for the intensive
cultivation of herbaceous crops was defined as 750 mm/yr, a
minimum mean air temperature of 18°C, and a maximum slope
of 15° (Ngeve et al., 1992; Valenzuela et al., 1994; Ladefoged et al.,
2009; Kagawa-Viviani et al., 2018a; Kurashima et al., 2019). The
resulting suitability layers for REI, rainfall, temperature, and slope
were intersected and areas that satisfied all the requirements were
considered the potential extent of intensive rainfed agriculture.

2.3. Intensive colluvial slope

2.3.1. Overview

The lower to middle portions of the valley slopes in Hawai'‘i
consist of colluvial or talluvial deposits. Active erosion of
these slopes transports sediments downwards, which ultimately
accumulate on the edge of, and feed into, the alluvial flats.
These erosional processes rejuvinated soil fertility and permitted
the practice of Hawaiian agriculture on these slopes, with
archaeological evidence suggesting that most colluvial slopes
were extensively cultivated (Kirch, 1977; Vitousek et al., 2010;
Kurashima and Kirch, 2011; Morrison et al., 2021). As evidenced
by intensive dryland terracing, stone mounding, and the occasional
development of kuaiwi walls, agriculture on colluvial slopes was
similar to that of intensive rainfed agriculture. However, the higher
environmental heterogeneity of slope, sunlight, and rockiness is
reflected in a more ad-hoc layout of infrastructure, with some
colluvial areas being more akin to agroforestry suggested by the
higher proportion of perennial trees and shrubs. Ethnohistorical
sources and botanical surveys indicate Intensive Colluvial systems
maintained a greater diversity of crops than Intensive Rainfed
systems, that included kalo (taro), ape (swamp taro; Alocasia
macrorrhiza), ‘uhi (greater yam), maia (banana/plantain), ‘wulu
(breadfruit; Artocarpus altilis), pia (arrowroot), ki (ti leaf),
olona (Touchardia latifolia), wauke (paper mulberry; Broussonetia
papyrifera) and kukui (candlenut; Aleurites moluccanus).

2.3.2. Modeling approach

While the fertility of volcanic shield surfaces is defined by the
amount of weathering those shield surfaces have been subjected
to, and is therefore largely depleted and incapable of supporting
intensive rainfed agriculture by ~700 ky (Vitousek and Farrington,
1997; Porder and Chadwick, 2009; Chadwick et al., 2021), the
active erosion and sediment accumulation associated with colluvial
slopes has been shown to adequately regenerate soil fertility to
support intensive agricultural production (Vitousek et al., 2010).
This relationship is reflected in soil type classifications that were
selected for modeling intensive colluvial systems, which included
“colluvial land,” “stony colluvial land,” and “Kawaihapai” soil series
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(Cline, 1955) collected from the NRCS soil survey maps, and
“alluvium” and “older alluvium” substrates were selected from the
USGS digital geologic map. These two extents were combined to
represent appropriate soil substrates rejuvenated through erosional
deposits, satisfying the soil fertility constraint of this system of
intensive production. Limitations of slope were defined as <30°,
for which archaeological remnants are clearly documented on
slopes up to this intensity (Kurashima and Kirch, 2011; Morrison
et al, 2021). We utilize the same rainfall (=750 mm/yr) and
temperature (>18°C) limitations applied to Intensive Rainfed
agriculture. The suitable extents for soil type, slope, rainfall, and
temperature were then intersected to define the extent of Intensive
Colluvial agriculture.

2.4. Marginal/seasonal rainfed

2.4.1. Overview

Rainfed agriculture was not restricted to the intensive, fixed-
field systems described above, but took on a range of other forms in
more marginal areas, such as field mounds, micro-sites, modified
outcrops or depressions, among others. These less intensive
forms of agricultural were spatially more sporadic across the
landscape occurring in areas that met some of the environmental
requirements for intensive rainfed systems, but not all. Thus,
these systems reflect a more opportunistic approach to cultivation,
occurring on young, undeveloped soils (< 4 kya) and areas subject
to highly variable seasonal rainfall. These developments consisted
almost exclusively of ‘uala (sweet potato), the most drought-
resistant edible crop cultivated in Hawai’i, although other drought
tolerant crops are also associated with them such as ipu (bottle
gourd; Lagenaria siceraria). When ‘uala and ipu crops are rooted
in pockets of soil or moist microsites their vines can extend out to
cover a broader area.

2.4.2. Modeling approach

The modeling approach for marginal/seasonal rainfed
agriculture utilized similar parameters as intensive rainfed
agriculture, with modifications to the required rainfall and
substrate age. With respect to rainfall, we adopt a threshold of
any single month receiving >100 mm of rainfall as adequate to
support at least one crop of sweet potato. This is consistent with
other literature that suggests adequate moisture within the first 40
days of planting will result in sweet potato tuberization (Hahn,
1977; Wilson, 1977; Ngeve et al., 1992; Valenzuela et al., 1994;
Kagawa-Viviani et al., 2018a). The same REI equation previously
outlined for Intensive Rainfed agriculture was used, though
substrates 0.5-4ky were included as cultivation of these young
flows is well-documented in historical and archaeological literature
(Schilt, 1984; Ellis, 2009; Horrocks and Rechtman, 2009).

2.5. Marginal colluvial slope
2.5.1. Overview
As with marginal rainfed systems, sparser agricultural

infrastructure alongside perennial plantings have been documented
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on colluvial slopes in areas too dry or steep to warrant more
intensive development. Here, dryland hardwood trees, such as milo
(Pacific rosewood; Thespesia populnea), kou (Cordia subcordata),
and kamani (Alexandrian laurel; Calophyllum inophyllum), along
with the sporadic cultivation of drought-tolerant ‘wala (sweet
potato) and ipu (bottle gourd), occurred to take advantage of the
fertile, but more arid, soils.

2.5.2. Modeling approach

The modeling of Marginal Colluvial cultivation utilized
the same parameters as those outlined for colluvial slope
agriculture (i.e., soils, temperature, and slope), differing only
in the applied rainfall threshold of >100mm per month—the
same as for marginal rainfed agriculture. The suitable extents
for soil type, temperature, slope, and rainfall were intersected
to define the potential agroecological habitat for Marginal
Colluvial agriculture.

2.6. Agroforestry/swidden

2.6.1. Overview

Although modeled as a dicrete agroecological type, agroforestry
represents a spectrum of forms and methods that were dominated
by trees. Methods of agroforestry were used that incorporated an
array of perennial and annual crops, largely in areas that were too
rocky or infertile for the cultivation of other crops without the
nutrient enrichment and microhabitats created underneath the tree
crop canopies (Lincoln and Vitousek, 2017). Among the most well-
documented are the pa systems (i.e., pakukui and pahala), in which
trees that were quick to mature and rapidly decompose, such as
kukui (candlenut) or hala (screwpine; Pandanus tectorius), were
extensively cultivated primarily to support kalo (taro) production
(Kalokuokamaile, 1922; Handy, 1940; Handy et al., 1972; Lincoln,
2020a). In pa systems, trees are cultivated as both a resource and
as a source of mulch to support nutrient concentration. On young
lava substrates, the trees are cut for mulch, and composted in
depressions in the lava, while on older substrates, large areas are
cleared to dig pits for composting of leaves and small branches
(Beckwith, 1932). Vast areas were converted for use in these shifting
systems, so that “The broad slopes of the wet windward coast of
Hawai’i between the abrupt eroded shore and the high forest...were
completely covered by kukui forest. ... where were open glades
called pakukui in which taro was grown” (Handy et al., 1972, p.
231). Other systems were akin to diversified orchards, in which
crop trees such as ‘ulu (breadfruit) and kukui (candlenut) were
planted in a well-spaced orientation to support nutrient cycling,
aid in water retention, and create micro-habitats suitable to a
range of crops such as maia (banana/plantain), wauke (paper
mulberry), mamaki (Hawaiian nettle; Pipturus albidus), awapuhi
(Shampoo ginger), awa (kavakava) and kalo (taro) (Lincoln and
Ladefoged, 2014). In some regions, patches of native forests were
preserved within the agricultural mosaic to support the cultivation
of specific species, while in contrast there are also documentation
of large stands of monocultured tree crops (Lincoln and Vitousek,
2017).
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2.6.2. Modeling approach

The establishment of Agroforestry extents relied on many of the
same environmental parameters associated with Intensive Rainfed
agriculture, including temperature, slope, and rainfall. However,
the application of tree crops allowed for persistence in lower
fertility soil systems and areas too rocky to support intensive
cultivation of tuber crops, effectively allowing for the cultivation
of older substrates and wetter environments. We apply previous
data demonstrating the delineation of agroforestry systems in pre-
contact Hawail (Lincoln, 2020a; Lincoln et al, 2021) to fit a
bi-exponential equation delineating suitable REI as follows:

(Rainfall — Elevation) < —300 + (3537 x ¢(~0.00000045 x Age) )
_(2049 % 6(0.000132 X Age)) (2)

Substrates <0.5 ky were excluded as statewide surveys of core
agroforestry trees of kukui (candlenut) (Lincoln et al., 2021) and
‘ulu (breadfruit) (Mausio et al., 2020) did not record trees on
substrates of these ages. The suitable extents for REI, rainfall,
temperature, and slope were intersected to determine the potential
suitable areas for Agroforestry systems.

2.7. Novel forest/arboriculture

2.7.1. Overview

Low intensity forms of arboriculture are extensively
documented across Polynesia and are a dominant form of
agriculture in terms of land area utilized on most islands (Quintus
et al., 2019). Novel forests can take multiple forms, with varying
degrees of native forest interference. In some cases, the native
forest canopy was retained and shade tolerant crops, such as maia
(banana/plantain), ‘uhi (greater yam), hoi (bitter yam, Dioscorea
bulbifera), mamaki (Hawaiian nettle), and olona, were cultivated
or, in the very least, encouraged (Handy et al., 1972). Such was the
case of the well-documented ‘Gpau zone on the leeward side of
Hawai‘i Island (Lincoln and Ladefoged, 2014; Kelly, 1983). In other
cases, the native forests were replaced over time by Polynesian
introduced trees, such as ‘ulu (breadfruit), kukui (candlenut), and
‘ohi'a'ai (mountain apple; Syzygium malaccense), along with some
shade tolerant crops and native species in the understory (Handy
et al., 1972; Meilleur et al., 2004; Lincoln, 2020a). Such transitions
are often reflected in the archaeological record, depicting a gradual
transition from native to introduced trees over time in charcoal,
paleobotanical remains, and wooden artifacts. Nonetheless, these
less intensively managed tree cropping systems distinguish Novel
Forests from Agroforestry.

2.7.2. Modeling approach

Novel forests were applied in areas that were highly infertile,
either due to excessive nutrient leaching caused by high rainfall
or very old substrates that have been subjected to high amount of
cumulative weathering over time. Previous work has demonstrated
differing levels of soil fertility as the deciding factor seperating the
application of Novel Forests and Agroforestry, and further relates
a lower threshold of soil fertility to the development of Novel
Forests (Lincoln, 2020a). Using a statewide distribution of kukui
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FIGURE 1
The modeled spatial distribution of the seven agroecological archetypes across the Hawaiian islands.

(candlenut) as an indicator species of novel forest development
(Lincoln etal,, 2021), the lower boundary of a REI was derived using
the biexponential equation as follows:

(Rainfall — Elevation) < 3000 + (1556 x £(=0.000001 x A'ge))
—(2652 x ¢(0:000044 x Age)

Substrates <0.5 ky were excluded as indicator species were not
documented on flows these ages. The same limitations of rainfall,
temperature, and slope as was indicated for Agroforestry were
utilized with the unique REI threshold, with the intersection of
all parameter suitability representing the potential area in which
Arboriculture could be applied.

3. Results

3.1. Distribution of traditional agroecology

The seven spatial models representing the potential of
pre-colonial agroecological systems produced spatial extents
distributed across much of the Hawaiian archipelago (Figure 1).
The potential extent of total land area for each agroecological
system across the state varied from 0.6 to 9.0%, with the sum
extent of all the systems equivalent to 27.5% of the archipelago
(Table 2). As with many Polynesian islands, arboriculture played
a dominant role in the overall agricultural landscape, with both
the Agroforestry and Novel Forest categories accounting for a
significant portion of the total agricultural potential (32.9 and
25.6%, respectively).

The portion of lands converted to types of agriculture varied
considerably by substrate age and therefore by island, producing
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TABLE 2 Modeled area in hectares and associated percentages of each
agroecological type.

Type Total area % of Total % of Total
(ha) land area ag. area

Flooded pondfield 18,807 1.1 4.2
Intensive rainfed 63,656 3.9 14.2
Marginal rainfed 54,786 3.3 12.2
Intensive colluvial 38,865 2.4 8.6
Marginal colluvial 10,439 0.6 2.3
Agroforestry 147,847 9.0 32.9
Novel forest 115,074 7.0 25.6
Total 449,475 27.5

patterns in predominant forms of agriculture across the archipelago
(Figure 2). The model results indicated some production systems
are intrinsically tied together, as seen by similar patterns of
extents of Flooded Pondfield and the Colluvial systems. Although
modeled using very different approaches, these systems are largely
dependent on the formation of river valleys, and therefore follow
similar patterns across time and space. Flooded Pondfield systems,
along with Intensive and Marginal Colluvial cultivation, have
the highest percentage of total agricultural land modeled for the
older, more weathered islands of Kaua'i (8, 12, 2%, respectively)
and O’ahu (8, 24, and 6%, respectively), while the estimated
percentage of these agricultural systems for Maui Nui (1, 0.5,
<0.5%, respectively) and Hawai’i Island (<0.5% for all) were
considerably less. In contrast, the modeled extents for Intensive
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The percent contribution to the agricultural potential for each agroecological archetype by island and for the archipelago as a whole. Maui Nui
combines Maui with the three smaller surrounding islands of Moloka'i, Lana’i, and Kaho'olawe.
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and Marginal Rainfed agriculture, were higher for these younger,
less eroded islands of Hawai'i (27 and 20%, respectively) and
Maui Nui (13 and 18%, respectively) where shield surfaces remain
intact, while the modeled extents for these systems combined were
minimal for Kaua’i (0%) and O’ahu (5%).

The spatial models are consistent with the large body of
ethnohistoric and archaeological data describing the form and
extent of traditional agroecological systems. More specifically,
we find the models align well with the documented extents of
the major dryland field systems that have been well studied
(Newman, 1972; Allen, 2001; Coil and Kirch, 2005; Kirch et al.,
2005; McCoy, 2005; McCoy and Hartshorn, 2007; Ladefoged
and Graves, 2008; Ladefoged et al., 2011; Lincoln et al.,, 2014;
Quintus and Lincoln, 2020), capture areas known to have utilized
marginal dryland methods (Schilt, 1984; Allen and McAnany,
1994), correspond with the sparse documentation of colluvial
slope systems (Kurashima and Kirch, 2011; Morrison et al,
2021), capture the documented extent of agroforestry systems
(Lincoln and Ladefoged, 2014; Quintus et al, 2019; Lincoln,
2020a), encompass the extent of remotely-sensed indicators of
traditional novel forests (Mausio et al, 2020; Lincoln et al,
2021), and are consistent with previously validated models of
wetland agriculture (Ladefoged et al., 2009). Utilizing arguably the
most comprehensive and spatially explicit ethnohistorical source
(Handy, 1940) to examine positive prediction of agroecological
application, the models suggests a high degree of accuracy (Table 3).
These numbers closely align with previously conducted validation
for Flooded Pondfield, Intensive Dryland, and Intensive Colluvial
Slope agriculture (Ladefoged et al., 2009; Kurashima et al., 2019).
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TABLE 3 Comparison of agroecological distribution described in Handy
(1940) and corresponding representation of those forms in the modeled
extents.

# Ahupua‘a  # Ahupua’'a % Positive

described modeled prediction
Flooded pondfield 174 160 92.0
Intensive rainfed 40 34 85.0
Marginal rainfed 17 14 82.4
Intensive colluvial 39 30 76.9
Marginal colluvial 13 10 76.9
Agrofrestry 47 41 87.2
Novel forest 53 47 88.7

3.2. Crop associations and patterns

Our review of the literature indicates that each agroecological
system supported a distinct suite of crops. Informed by
extensive study and literature reviews of various Hawaiian
agricultural systems, we compiled a list of 27 crop species
and their association with each of the agroecological systems
(Table 4). These include traditional Native Hawaiian crops
that are commonly cultivated in the global food system, such
as ‘uala (sweet potato) and ‘olena (turmeric), along with
heavily underutilized crops, such as hala (screwpine) and
noni (Indian mulberry). We found that each of the 27 crop
species were utilized in at least three different agroecological
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TABLE 4 Most utilized Hawaiian crop species for food, fiber, medicine, and ceremonial purposes and their association with the seven agroecological types modeled in this paper.

Scientific name Hawaiian name Common name Flooded Intensive Marginal Intensive Marginal colluvial Agro-forestry Novel forest
pondfield dryland dryland colluvial

Aleurites moluccanus Kukui Candlenut XX X X XXX XX XX XXX
Artocarpus artilis ‘Ulu Breadfruit XXX XX - XXX X XXX XXX
Broussonetia papyrifera Wauke Paper Mulberry X XXX - XXX X XX X
Calophyllum inophyllum Kamani Alexandrian Laurel - X X - XXX - -
Cocos nucifera Niu Coconut XX X X XX XXX X X
Colocasia esculenta Kalo Taro XXX XXX - XXX - XXX X
Cordia subcordata Kou - - X X X XX - -
Cordyline fruticosa Ki Ti Leaf XXX XXX - XXX XX XXX XX
Curcuma longa ‘Olena Turmeric - XX - XX X X -
Dioscorea alata Uhi Greater Yam - XX X XX XX XX XXX
Heteropogon contortus Pili - - X XXX N XX - -
Hibiscus tiliaceus Hau Beach Hibiscus XX X - XXX X XX XX
Ipomoea batatas “Uala Sweet Potato - XXX XXX XX XXX X -
Lagenaria siceraria Ipu Bitter Gourd - XX XX X XXX - -
Morinda citrifolia Noni Indian Mulberry X XX X XXX X XX X
Musa spp Mai‘a Banana/Plantain XXX XXX - XXX - XXX XXX
Pandanus tectorius Hala Screwpine - X X XX XX X XX
Piper methysticum ‘Awa Kavakava XX XXX - XXX - XXX XXX
Pipturus albidus Mamaki Hawaiian Nettle - XX - XXX - XX XXX
Saccharum officinarum Ko Sugarcane XX XXX - X X - -
Schizostachyum glaucifolium ‘Ohe Bamboo - X - XX X X XX
Syzygium mallaccense ‘Ohi‘a‘ai Mountain Apple - X - XXX - XX XXX
Tacca leontopetaloides Pia Arrowroot - XX - X XX XX -
Tephrosia purpurea Auhuhu - - X X - X - -
Thespesia populnea Milo Portia Tree - X XX - XX - -
Touchardia latifolia Olona - - - - X - x XX
Zingiber zerumbet ‘Awapuhi Shampoo Ginger XX X - XXX - X XXX

XXX, prevalent; xx, occasional; x, probable; -, unlikely.
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systems, each of which hosted between 12 and 25 of the 27
crops species. More notably, two crops—kukui (candlenut)
and niu (coconut)-were shown to play roles in all seven
agroecological systems.

Within the individual systems, crops were cultivated with
varying degrees of intensification based on landscape compatibility
and environmental parameters, with each crop species purposefully
occupying discrete ecological niches within each system. Crops
were applied in a multitude of roles, including as primary crops
in intensive agricultural systems, as secondary crops in more
marginal areas unsuitable for sustaining more intensive cultivation
practices, and as a resource to increase cultivable land areas. For
example, the dominant staple crop of kalo (taro) was cultivated
as a monoculture in the Flooded Wetland systems, as patches of
diversified agriculture in Intensive Rainfed systems, and even more
sparsely in the light gaps between tree crops of Agroforestry or
Novel Forest systems. As the preferred staple crop, we can infer
Hawaiian populations would have emphasized kalo cultivation to
the maximum extent. The varying intensification of kalo cultivated
in each type of system, therefore, is indicative of how much
each system could reasonably support. However, the limitations
to cultivation can vary and are predominantly restricted by water,
nutrients, or light. These three factors can limit productivity
of co-crops as well, and may exhibit interplay between crops.
Agroforestry systems, for instance, were established in areas where
soil fertility was inadequate to support intensive annual cropping.
The use of perennial trees, such as ‘wulu (breadfruit), in these
areas were two-fold, creating both opportunities and constraints
to the agricultural production. In these Agroforestry systems,
multi-use tree crops served several functions by providing food,
aiding in nutrient cycling and moisture retention, creating suitable
micro-environments for other crops, and providing a source of
lumber/mulch, but also diminished the quality of light available
to herbaceous crops. Due to decreased light inputs, understory
crops such as maia (banana/plantain) and wauke (paper mulberry)
were paired with tree crops in these Agroforestry systems in
order to fill the more shade-tolerant ecological niche. As another
example, on young lava flows with limited soil development,
trees, particularly kukui (candlenut) and hala (screwpine), were
established in deep cracks, and their mulch was then used to
accumulate compost in lava depressions, where annual crops
could then be cultivated. In drier regions, kalo was planted
opportunistically in the dripline of trees such as ‘ulu and kukui
to more efficiently concentrate the limited water resources in
the area.

The agroecological niche systems, although modeled spatially,
also incorporated aspects of temporal management, where planting
times were selected to optimize the habitat in terms of temperature
or water availability. Marginal Dryland systems were defined
to meet the minimal amount of monthly moisture necessary
to establish a single crop of ‘uala (sweet potato), ipu (bitter
gourd), and other drought tolerant crops. The extent of these
marginal systems was not used continuously throughout the
year, but shifted cultivation across the landscape throughout the
year depending on the season (Kagawa-Viviani et al, 2018a).
Other accounts further discuss the seasonal usage of marginal
zones, particularly Marginal Dryland zones, in which specified
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areas were cultivated with rapidly maturing crops during the
wet season, and temporarily abandoned during the dry season
(Handy et al., 1972). These strategies can be reflected in common
sayings, such as “Ua ka ua, i hea ‘0e?” (When it rained, where
were you?), suggesting the importance of planting when the rains
come (Pukui, 1983). Such adaptations by Native Hawaiian farmers
recognized the limited temporal productivity of an ecosystem
and capitalized on these opportunities through effective land
management practicies.

4. Discussion

The consideration of agroecological niches and associated
indigenous cropping systems is, we argue, critical for realizing
the potential of underutilized crops in improving the efficiency
of modern cropping. The incorporation of geospatially modeled
agroecological constraints with an understanding of the associated
practices, offers an alternative approach to evaluate site-specific
system suitability under low-input agricultural systems, while also
providing a more robust comprehension of the varying elements
and techniques that should be critically considered. Cropping
systems can enhance the maximum capacity of the landscape
through innovative practices and ecological adaptations, allowing
crop species to thrive. Socially, cropping systems are a product
of generational knowledge, concepts, and practices. Unfortunately,
colonization and now globalization has led to a decline in such
knowledge, contributing to the underutilization of many crops
today. While underutilized crops have tremendous potential to play
a significant role in addressing issues in global food systems, it is
important to remember that these crops were developed and grown
in unique cropping systems and with unique practices as a result
of site-specific adaptation by traditional cultivators. Direct transfer
of underutilized crops into contemporary, Euro-centric concepts of
agriculture may not allow for their full potential to be realized.

The agroecological niches modeled in this paper for the
Hawaiian Islands demonstrate a strong degree of adaptation by
traditional cultivators to various ecosystems. Utilizing a little over
two dozen crops, Native Hawaiian cultivators applied a broad range
of adaptive agricultural systems that allowed them to exploit the
limited amount of suitable land area. These adaptations allowed
for the cultivation of crops in over a quarter of the total land
area on the islands, across a breadth of diverse and highly
contrasting ecological and topographical variation. Systems were
constructed and sustained across vast environmental conditions,
cultivating flatlands to steeply sloped areas (<30°), and zones with
annual precipitation ranging from 500 to over 5,000 mm/yr, while
spanning an age gradient of soil substrates including cultivating
the young undeveloped lava flows of Hawai’i Island (> 0.5 kya) to
highly eroded, nutrient-depleted soils (>5 mya).

The modeled extent of all systems covers approximately one-
fourth of the total land area for Hawai‘i, suggesting that Native
Hawaiian cultivators had the potential to alter a substantial portion
of the landscape. These figures suggest a much larger footprint
of land conversion in Hawai‘i than previously postulated, which
ranges from ~6.0-9.2% in previous work (Gon et al, 2018;
Kurashima et al., 2019) compared to 27.5% in this study. Today,

frontiersin.org



Lincoln et al.

Hawail has ~47% (781,000 ha) of its land zoned for agriculture,
however only about 4% of the land base is used for cultivation,
including food, forestry, seed, and flowers, while another ~20% is
used for pasture (Perroy et al., 2016). In comparison, utilizing a
diverse, yet limited number of crop species, Native Hawaiians used
adaptive forms of agroecology to maximize the productive capacity
of the landscape, while minimizing the impact to ecosystems
(Winter et al., 2020). By integrating suitable agricultural systems
that preserved the form and function of ecosystem services for any
given environment, Native Hawaiians more sustainably cultivated
the land than post-European plantation agriculture.

It is important to recognize that our spatial modeling represents
the potential for the niche construction of each agroecological
system, and is not meant to suggest that the areas were developed
in their entirety. Some agroecological systems would have
approached 100% conversion of the potential habitat, such as the
highly preferred Flooded Pondfield agriculture, where “along the
river...on either side...the land had been terraced and walled...all
the way... where the last available space was won” (Lydgate, 2021,
p. 126). However, the less intensive and more extensive systems
such as Novel Forests and Marginal Dryland were developed in
patchier, less complete ways. Therefore, while the model represents
the total areas that could be developed, the extent and completeness
of this development is unclear. Our model validation shows that,
at the archipelago level, the extents of the models well cover the
distribution of the reported application of each system. However,
more thorough incorporation of archaeological documentation
and detailed case studies are needed to better understand the
relationship between the models and actual development.

The relationship between the cropping system and the crop
species is multifaceted. In many cases, it is likely that crop
species or varieties developed specific traits through selection
in response to the form and function of the cropping systems
that they were grown in. In this paper, rather than examine
the distribution of individual crops, we explore a range of
agroecological cropping systems across the highly diverse ecologies
of the Hawaiian archipelago. Each of these cropping systems were
utilized to grow a range of crops that, by and large, are considered
underutilized crops today. Conversely, each crop was able to be
grown across different systems of production, taking on different
roles and levels of dominance within the different archetypes.
Arguably, the application of different agroecological systems would
inherently favor underutilized crops as they have not been the
subject of intensive breeding for high-input and monocropped
agricultural systems.

A broad range of agroecological systems are described
in the literature, ranging from highly intensive systems that
approach monocropping, to extremely diverse, low-intensity
systems. Although most systems occur along a gradient, the
thresholds between some systems were abrupt, accompanied by an
equally abrupt shift in the cultivated crop species. The limitations
to the gravitational feed of water and the associated shift from
Flooded Pondfield to Colluvial Slope agriculture along river valleys
is a clear example of this occurrence that is well-documented
in the ethnohistorical literature. Similarly, the threshold behavior
of soil chemical properties and associated nutrient availability
resulted in well-delineated limitations to different rainfed systems.
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Such shifts in soil properties were demonstrated between Intensive
Rainfed and Agroforestry systems, in which soil fertility demands
clearly represent a driving constraint between these two systems
(Lincoln and Ladefoged, 2014; Lincoln et al., 2014). These abrupt
shifts in landscape parameters were sometimes reinforced by
sociopolitical boundaries that aligned with such environmental
thresholds (Handy et al., 1972; Lincoln and Ladefoged, 2014;
Lincoln, 2020a; Lincoln et al., 2022). On the other hand, delineation
between intensive and marginal forms of agriculture, both dryland
and colluvial, was reliant on rainfall that, while modeled as a
threshold relationship, was more likely a gradual shift in practices
and crop assemblages across the rainfall gradients. Native Hawaiian
peoples who efficiently conformed these now underutilized crops
and their respective systems to a vast array of ecological landscapes
demonstrated a masterful comprehension of the relationship
between crop and environment. This mastery and practice is
something that we, as modern day farmers and decision makers,
can humbly take away as critical lessons related to preserving the
natural ecology of the land by filling its ecological niches with these
underutilized crops.

One potential implementation of such concepts would be to
apply more textured zoning of agricultural lands, promoting a
higher diversity of cropping systems. For instance, some lands
could be zoned specifically for agroforestry practices, rather than
all agricultural lands being available to all forms of cultivation.
Current agricultural zoning does little to restrict or encourage
specific applications or forms of agriculture, permitting vulnerable
monocultures and ineflicient land-uses to encompass all areas,
regardless of their ecologies. Using land zoning or other laws to
promote ecologically appropriate forms of agricultural production
could simultaneously aid in improving resilience and ecosystem
services while reducing prohibitive land costs by constraining
allowable usage of the land. Such concepts and concerns are raised
in discussions of how to improve Hawai‘i's contemporary food
system and security, in which some 85% of food is imported
from outside the state (Leung and Loke, 2008), but have not been
seriously presented in terms of legislative action. Even further
than considering the utilization of spatial patterns could be the
consideration of seasonal land usage, support for multi-species
systems, and associated land tenure and access (Blanco et al., 2017;
Lincoln et al., 2022).
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